The paper presents the algorithms for a flue gas/water waste-heat exchanger with and without condensation of water vapour contained in flue gas with experimental validation of theoretical results. The algorithms were used for calculations of the area of a heat exchanger using waste heat from a pulverised brown coal fired steam boiler operating in a power unit with a capacity of 900 MW e . In calculation of the condensing part, the calculation results obtained with two algorithms were compared (Colburn-Hobler and VDI algorithms). The VDI algorithm allowed to take into account the condensation of water vapour for flue gas temperatures above the temperature of the water dew point. Thanks to this, it was possible to calculate more accurately the required heat transfer area, which resulted in its reduction by 19 %. In addition, the influence of the mass transfer on the heat transfer area was taken into account, which contributed to a further reduction in the calculated size of the heat exchanger -in total by 28% as compared with the Colburn-Hobler algorithm. The presented VDI algorithm was used to design a 312 kW pilot-scale condensing heat exchanger installed in PGE Belchatow power plant. Obtained experimental results are in a good agreement with calculated values.
INTRODUCTION
The solutions used so far for heat recovery from flue gas generated by power boilers come down to installing in the flue gas duct of an exchanger that collects sensible heat from the flue gas. Such a solution was used for example in the Lippendorf Power Plant near Leipzig. The heat recovered in the exchanger is transferred to the condensate flowing from the turbine condenser to the boiler, which contributes to an increase in the electric power and efficiency of the unit. The cooled flue gas is then directed to a cooling tower. A similar solution was used in a block with a capacity of 460 MW e in the Łagisza Power Plant. The heat from the flue gas leaving the electrostatic precipitator is used for preheating the combustion air (downstream the rotary air heater in the boiler).
However, condensing waste-heat exchangers have not been used in power units so far. The first such a heat exchanger in Poland is just being built in the Białystok S.A. Combined Heat and Power Plant. This heat exchanger is to recover heat from the flue gas generated by a biomass boiler with a fluidised bed furnace. The heat will be transferred to utility water and directed to the district heating system of Białystok. This solution will allow to increase thermal power in the combined heat and power plant, improving its efficiency and competitiveness, as well as increasing the production of "green" heat. cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe For the above reasons, calculation algorithms for condensing heat exchangers, especially in relation to flue gas from coal combustion, have not been developed so far (Szulc et al., 2013) . Only two examples of calculations concerning a condensing heat exchanger used for flue gas from coal combustion were found in the literature (Jeong et al., 2010; Levy et al., 2008) . Both models referred to the well-known Colburn-Hougen model (Colburn and Hougen, 1934) and introduced various modifications to it. In other works, mathematical models of condensing heat exchangers used at combustion of fuel oil (Ball et al., 1984; Osakabe, 2000) or gas (Jia et al., 2001; Liang et al., 2007; Shi et al., 2011) were presented.
MATHEMATICAL MODELS
Heat transfer in the condensing heat exchanger, which occurs between the flue gas stream and the pipe wall covered with a film of water vapour condensate, takes place through the interface layer near the wall. In this layer, further away from the inlet towards the exchanger and closer from the gas core towards the wall in each cross section, the fraction of inert gas increases, while the fraction of water vapour decreases. So the mechanism responsible for heat transmission is simultaneous and mutually dependent on heat and mass transfer. The share of each mechanism is variable on the path of the flue gas flow -heat transfer may predominate at the inlet of the heat exchanger, while mass transfer may be predominant at the outlet (due to the condensation of water vapour and a low fraction of water vapour in the mixture with inert gas at the outlet).
Calculations of heat transfer in the condensing part are based on the model composed of:  G -the coefficient of convective heat transfer from gas to the condensate film/pipe surface,  F -the coefficient of convective heat transfer from the condensate layer to the pipe wall, -the thermal resistance of the wall, and  K -the coefficient of convective heat transfer from the wall to the cooling water. The thermal resistance of the condensate is not taken into account.
On this basis, the total heat transfer coefficient can be expressed as
Among the above listed coefficients, the biggest problem in calculations is the thermal resistance of the boundary layer of the inert gas containing water vapour . This is caused by the necessity to calculate the partial pressure of water vapour in this layer, near the pipe wall or the condensate, where inert gas with a volume fraction different than that in the centre of the stream occurs. If calculations concern flue gas, the problem is complicated further by the presence of superheated water vapour in flue gas.
In the Colburn's method (Colburn and Hougen, 1934) , the following values must be known for the dry part of the exchanger:
 inlet temperature of flue gas T G1 , mass flow rate and inlet temperature of coolant T K1 ; hence the coolant and flue gas properties are known,  tube wall thickness s and material properties.
The flue gas T G2 and coolant T K2 temperatures can be calculated from the energy balance equations
The heat transfer coefficients on the flue gas side  G and cooling water side  K are calculated using correlations of forced convective heat transfer for tube banks and inside a tube, respectively (VDI-GVC Editor, 2010) as for the economiser in a pulverised fuel steam boiler.
When a part of a heat exchanger is in an unsaturated or saturated region the following quantities are known:  inlet parameters of flue gas -the temperature T G1 and partial pressure of water vapour P V1 , and hence the thermodynamic properties of the flue gas,  mass flow rate and inlet temperature T K1 of cooling water as well as its other thermodynamic parameters.
Fig. 1. Section used for calculations in the Colburn's method
To satisfy an energy balance in the unsaturated region, the flue gas outlet temperature and vapour pressure, interface temperature, coolant outlet temperature, and heat exchanger surface area must be calculated (in relation to the section used for calculations - Fig. 1 ) Therefore, there are five unknowns and appropriate equations. The first one is the energy balance equation in saturated region (Colburn and Hougen, 1934) 
where the first and second terms on the left side are the sensible and latent heat transferred from flue gas respectively. The term on the right side is the heat transferred through the condensate film and heat exchanger wall. There is only one unknown in that equation -P I because of saturated conditions (P I is a function of T I ). The value of T I is iteratively adjusted until convergence is achieved.
The second equation with one unknown T K2 is the balance of energy on the side of coolant and flue gas
where the first term on the left side is the flux of heat transferred on the side of flue gas. The second term is the heat lost with the condensate being removed, while the third term is the flux of heat taken by the cooling water.
Since the flue gas outlet temperature and vapour pressure for unsaturated condensation are independent variables, an equation is needed to relate the heat and mass transfer of the cooling flue gas. The following equation provides a relationship between the outlet vapour pressure P V2 , the outlet flue gas T G2 and interface temperatures T I (Colburn and Hougen, 1934 )
The fourth equation is the relationship between the difference between the bulk cooling water and condensate interface temperature on the pipe surface and the total heat flux ln 1 2
The above Equations (4-7) are solved iteratively using the assumed value of the flue gas outlet temperature T G2 . In the heat exchanger region, where the condensation of saturated water vapour occurs, Equation (6) is not needed since the outlet vapour pressure is fixed by T G2 .
The results obtained at the end of the section provide input data for the next section. The outlet parameters for the last section will also constitute the outlet parameters for the heat exchanger, while the summarised heat transfer areas in individual sections will give the total transfer area.
Hobler (1986) proposed a method for calculating the partial pressure in the interface layer, which is more precise than that in the Colburn's model. He compared the formulas for  G obtained in the same Colburn's experiment, but relating in the first case to the core of the inert gas and water vapour mixture, and in the second case -to the interface layer. He obtained the dependence for the ratio of partial pressures of water vapour and inert gas (air):
Thus, the average mole fraction of water vapour in the interface layer is , ,
In the case of turbulent flow of the gas mixture, he determined from it an equivalent convective heat transfer coefficient for the condensation of water vapour from the saturated gas mixture
where C= 0.684.
The above equation allowed to take into account the simultaneous heat and mass transfer occurring at the condensation of water vapour from the air. Although the equation was formulated for saturated mixtures, it may also be used for unsaturated mixtures -without a large error (Hobler 1986 ).
In the VDI model (VDI-GVC Editor, 2010) the specific flux of heat transferred from flue gas to the condensate film forming on the wall is ( Fig. 2 
where the Ackermann correction factor is
The correction factor allows to include in the calculations the mass transfer that occurs simultaneously with the heat transfer.
The heat flux transferred to the coolant is expressed by the equation
where the coefficient of heat transfer from the condensate film T F to the coolant with the temperature In order to determine the amount of condensing water vapour and thermal power of the heat exchanger, it is necessary to determine the temperature of the condensate film on the pipe surface. The following balance equation is used for this purpose (VDI-GVC Editor, 2010):
In order to determine the heat transfer area, it is necessary to know the predominant mechanism in the water vapour condensation process. For this purpose, the temperature of the condensate film at the inlet and outlet of the heat exchanger condensation regions needs to be determined (Eq. 15). Then, using the heat balance equation
the values of and are calculated. If the calculated value of is lower than 0.5, the whole condensation process may be regarded as controlled by the heat transfer mechanism (VDI-GVC Editor, 2010). The heat transfer area can be then calculated from the equation
where Δ is the logarithmic difference of the inlet and outlet temperature of the condensate film and cooling water.
In turn, for 2, the entire condensation process is controlled by the mass transfer mechanism, while the heat transfer area can be calculated from the equation ( 
If the predominant mechanism at the inlet to the condensing region is heat transfer, while the predominant mechanism at the outlet is mass transfer, the area of the heat exchanger should be calculated from Equations (17) and (18) and averaged.
CALCULATION DATA AND ASSUMPTIONS
Calculations for the waste-heat exchanger were carried out for flue gas from combustion of pulverised brown coal. The adopted parameters of coal are given in Table 1, while Table 2 shows the remaining parameters adopted for the process.
The value of the cooling water temperature at the inlet to the heat exchanger was adopted as equal to the temperature of the condensate leaving the turbine condenser (25 °C), assuming that it will be cooled in an open system. The calculations of the water temperature at the outlet from the heat exchanger were performed with the view of utilising the heat contained in it (attempts were made to maximise both its temperature and the amount of condensing water vapour -both processes are opposing). The thermal calculations of the condensing heat exchanger (Fig. 3 ) use two models:  the Colburn-Hagen model modified by Hobler (1986) ,  the VDI model (VDI-GVC Editor, 2010).
Fig. 3. Diagram of a cross-flow heat exchanger
In order to perform calculations, approximating functions were created for dynamic viscosity, Prandtl number, as well as for thermal conductivity for water and water vapour. Special functions were used for calculating e.g. dynamic viscosity and thermal conductivity for mixtures of inert gases and water vapour (VDI-GVC Editor, 2010).
The following geometry of the flue gas duct was adopted: height -8 m, width -16 m, while the length of the heat exchanger is the resulting value. The cross-flow heat exchanger was made of fluoroplastic coating steel coil pipes with the outer diameter of 13.5 mm and the wall thickness of 1.8 mm. The transverse and longitudinal pitch of the pipes was 40.5 mm. The flue gas velocity was approx. 15 m/s and the average flue gas pressure: 0.1 MPa. It was assumed that the system would include a single heat exchanger, through which the entire flue gas stream would flow. The velocity of the cooling water flowing in the pipes was 1 m/s, resulting from the mass flow rate of cooling water (850 kg/s) and the adopted geometry of the heat exchanger. The flue gas was cooled from 170 to 60 C. All the calculations were carried out for the values of arithmetic means of thermodynamic parameters of flue gas and cooling water between the inlet and the outlet, separately for the non-condensing and condensing parts of the heat exchanger.
In the calculations, the heat exchanger was hypothetically divided into two parts: the first part without condensation and the second one with the condensing water vapour from flue gas (Fig. 3) . In the Colburn-Hobler model, the flue gas is cooled in the first part to the water dew point (65 C) and transfers only sensible heat to cooling water. Then the flue gas flows to the second part of the heat exchanger, where it is cooled to a temperature below the dew point (60 C) and transfers the sensible heat and the heat of water vapour condensation. The generated condensate is carried away from the heat exchanger.
Although a similar approach was used in the calculations based on the VDI model, the distribution of the temperature between flue gas and cooling water at the inlet and outlet of the condensing part was additionally calculated. The flue gas temperature, at which condensation begins due to the temperatures of the coolant, the pipe wall and condensate, was determined iteratively. From Eq. 15 T F for inlet and outlet conditions was calculated. If calculated T F (and T w ) was lower than the water dew point then condensation occurred (Tab. 4). For the calculated flue gas temperature of 78 C (i.e. higher than the water dew point 65C), condensate temperature T F was 64.9C (and T w is 62.7 C). Therefore 78 C was the temperature of division of the heat exchanger between the non-condensing part and the condensing part in the VDI model.
In the non-condensing part of the heat exchanger, the calculation formulas for economiser in pulverised coal-fired steam boilers were used. In order to calculate the heat and mass transfer in the condensing part, the influence of the thermal and diffusion resistance of the inert gas layer (dry flue gas) between the core of the wet flue gas stream (far from the wall) and the condensate on the pipe wall was taken into account. For both models, the influence of thermal resistance of the condensate film on the wall was treated as negligibly small (Hobler, 1986) , while the resistance of heat conduction through the pipe wall (which reaches a significant value if the coil pipe of the heat exchanger is made of plastic) was taken into account. It was assumed that the value of the thermal conductivity coefficient of the pipe material was 14 W/(m·K) (Lee et al., 2005) .
In order to carry out calculations for the entire heat exchanger a system of equations describing heat and mass transfer was derived. It was possible to determine the most important design parameters (heat transfer area, number of pipes, pipe rows, etc.). It was assumed in both models that 25.3% vol. of the water vapour contained in flue gas would undergo condensation, which results from the calculations performed in the range of the condensation of water vapour from flue gas cooled down to 60 C.
RESULTS AND DISCUSSION

Colburn-Hobler model
By dividing the heat exchanger into a part, in which flue gas is cooled without condensation, and the condensing part (depending on the water dew point), the maximum dimensions of the heat exchanger can be determined. In the case of brown coal, the total heat transfer area of 35,665 m 2 was obtained (Tab. 3).
A considerable difference in the calculated heat transfer area of both parts of the heat exchanger is visible (82% -non-condensing part, 18% -condensing part), while the share in the total thermal power transferred to the coolant is 53.5% and 46.5 %, respectively (Fig. 4) . 
VDI model
Since the distribution of temperatures between the gas and the coolant was calculated in the VDI model, the temperature at the outlet from the non-condensing part of the heat exchanger was selected so that condensation occurs on the coil wall surface, despite the fact that the gas temperature in the bulk of the stream is above the water dew point. This should allow to calculate the heat and mass transfer in a more precise and realistic way, as well as to reduce the calculated heat transfer area.
The obtained results are presented in Fig. 5 and Table 4 . Nearly at the same total thermal power as in the Colburn-Hobler model, a smaller total area of the heat exchanger (25,655 m 2 ) was obtained. 
As in the Colburn-Hobler model, a considerable difference in the calculated heat transfer area of both parts of the heat exchanger is visible (75.6% -non-condensing part, 24.4% -condensing part), while the shares in the total thermal power transferred to the coolant is 47.2% and 52.8%, respectively.
Therefore, this proves again that the efficiency of the heat exchange in the condensing part is much higher, despite the fact that the temperature difference is much lower.
In addition, the values of the last two rows of the table above indicate that for the VDI model (with a division of the flue gas temperatures in both parts of the heat exchanger different than in the Colburn-Hobler model), both heat and mass transfer constitute a mechanism responsible for heat exchange. Hence, as described by Equations (17) and (18), a smaller heat transfer area in the condensing part can be adopted (6,249 m 2 , i.e. smaller by 33%), and thereby the total heat transfer area of the heat exchanger will decrease by 11%.
The presented calculations based on VDI model was used to design a 46 kW laboratory scale condensing heat exchanger test bench - Fig. 6 (Rączka and Wójs, 2014) . The obtained results were then used to design a 312 kW pilot-scale condensing heat exchanger installed in PGE Bełchatów power plant equipped with brown coal PF boilers (Fig. 7) . Because of a high corrosive gases content in flue gas from brown coal the pilot-scale exchanger was made of fluoroplastic (PFA) coil pipes. The next section presents the obtained experimental results. A small difference in the obtained results (mainly the outlet flue gas and the cooling water temperature) comes from differences in design values and experimental data of cooling water flow, lower inlet flue gas temperature and flue gas composition (mainly excess air). This is a confirmation that the VDI algorithm is applicable for designing flue gas condensing waste-heat exchangers. Data from 20.12.2013r., 11:47:23 volumetric flow rate of flue gas -3,391 m 3 STD /h volumetric flow rate of cooling water -5.55 m 3 STD /h thermal power transferred to cooling water -313.6 kW 5. CONCLUSIONS The paper presents the construction and applications of the calculation algorithms for a flue gas/water waste-heat exchanger with and without condensation of water vapour contained in flue gas. The calculations were carried out for flue gas from a brown coal-fired boiler of a power unit with a capacity of 900 MW e . The heat exchanger was divided into the non-condensing and the condensing parts. The calculations for the non-condensing part were carried out in the same way as for the economiser in a pulverised brown coal fired steam boiler. The calculations for the condensing part were carried out using two models: Colburn-Hobler and VDI. In the Colburn-Hobler model, the value of the water dew point for flue gas (65 C) was adopted as the point of division into two parts. In turn, by using additional equations in the VDI model, the distribution of temperatures between flue gas and cooling water was determined, and on this basis also the temperature of flue gas and water, at which condensation starts (78 C). This temperature was adopted as the point of division into the noncondensing and the condensing parts. Thanks to that, the total area of the heat exchanger was reducedfrom 35,665 m 2 (Colburn-Hobler model) to 28,787 m 2 (VDI model).
In addition, the area of the condensing part of the heat exchanger, which results only from the mass transfer, was calculated in the VDI model. This allowed to increase the accuracy of the calculations, and thus to reduce the area of this part by 33% and the area of the entire heat exchanger by almost 11% (to 25,655 m 2 ).
The presented VDI algorithm was used to design a 312 kW pilot-scale condensing heat exchanger installed in PGE Bełchatów power plant. The obtained experimental results are in good agreement with the calculated values.
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